We have examined the kinetics of synthesis of minus [(-)]-and plus [(+)]-strand viral DNA in melittin-permeabilized avian retrovirus particles. The reaction was biphasic. There was a very rapid initial rate, followed, after approximately 1 h, by a lower rate. Many discrete bands of subgenomic-length (-) strands were produced after 10 and 20 min of synthesis; genome-length (7.7-kilobase [kb]) (-) strands were detected within 30 min. Extension to an 8.0-kb (-)-strand species was evident by 60 min. This extension was inhibited by actinomycin D. Synthesis of (+) strands (which is also inhibited by actinomycin D) began early, before any (-) strands were completed, and continued for more than 4 h beyond the time when synthesis of full-length DNA had terminated. Two distinct species of (+)-strand DNA, 0.27 and 0.35 kb, could be observed at the earliest times. Their presence was quickly obscured by subsequent formation of (+)-strand molecules of molecular length between 0.2 and 2.0 kb.
Retroviruses replicate via a proviral DNA intermediate utilizing a mechanism which is not fully understood. The general outline of steps involved in provirus synthesis has been established by analysis of viral DNA made in infected cell cultures. Linear double-stranded DNA is synthesized in the cytoplasm (6, 16, 29, (55) (56) (57) (58) , and some of these molecules are converted to covalently closed circular forms after migration to the cell nucleus (16, 21, 41, 48) . The linear duplex DNA and one of the two species of covalently closed circles contain a terminal sequence redundancy (-300 bases for avian retroviruses) which does not exist in the RNA (6, 24, 41, 46, 47, 60) .
The in vitro reverse transcription reaction has provided important clues conceming this process. Studies of both murine and avian viruses have revealed that synthesis of minus [(-)]-strand DNA (the strand complementary to the RNA genome) is initiated from a tRNA primer which is base paired near the 5' end of 35S genomic RNA (10, 11, 22, 38, 51, 53) . Extension of this strand involves a jump to the 3' end of the same or a second 35S RNA molecule via a short terminal repeat in the RNA (8, 9, 23, 26, 45, 49, 52) . Digestion with RNase H exposes the region which presumably takes part in the base pairing required for this jump (8, 12, 14, 37) .
Recent experimental refinements have en- couraged the use of the in vitro reaction to t Present address: Biology Division, Oak Ridge National Laboratory, Oak Ridge, TN 37830. elucidate in vivo events (2, 3, 7, 25, 40, 42, 43) . In several cases, in vitro-synthesized DNA molecules have been shown to be infectious (3, 7, 18, 44) . In the murine system, linear DNA products have been identified which correspond to viral DNA with and without the large terminal repeat (1, 5, 13, 19, 44) . Synthesis of the larger transcript is sensitive to actinomycin D, suggesting that the template for the terminal repeat is plus [(+)]-strand DNA (5, 13, 19, 44) . A circular intermediate has also been identified in several reports (1, 13, 18) .
We have recently described the use of melittin, a toxin from bee venom, rather than nonionic detergents to permeabilize avian retrovirus virions for the endogenous reverse transcriptase reaction (3) . This treatment appears to be less disruptive to the synthetic machinery in the virion and allows for a more efficient synthesis of authentic viral DNA intermediates. We describe in this report the kinetics of synthesis and structure of (-) and (+) strands synthesized in the melittin-permeabilized virions. The overall sequence of events was similar in most respects to that found with detergent-treated murine virions. However, the full-size products of the melittin-treated virions accumulated more rapidly than reported in most other systems, and the rate approached that measured for DNA synthesis in vitro with purified avian myeloblastosis virus polymerase (36, 54 shown in the figure legends. Gels were stained with 0.5 yg of ethidium bromide per ml, and the DNA was visualized by excitation with long-wave UV light. For autoradiography, gels were dried onto Whatman DE81 or 3M paper under reduced pressure, and Kodak XR-5 film was exposed at -70°C with a chromium tungstate intensifier screen (Ilford).
Strand polarity analysis. For detection of (-) strands, unlabeled DNA was transferred from gels to nitrocellulose by the method of Southern (50) probes and hybridized them to unlabeled DNA products immobilized on a nitrocellulose filter. The intermediate size and full-length transcripts were detected by the [32P]RNA probe, indicating that they were (-) strands (Fig. 3) idet P-40-activated reaction (3). To determine the order of synthesis of these two species, early time points of melittin-activated 32P-labeled DNA were analyzed by alkaline agarose gel electrophoresis under conditions which resolve them. Figure 4 shows that a single discrete band at 7.7 kb was detected by 40 min (lane 2), which was slightly later than in the reactions which were preincubated (Fig. 2) . At 60 min, an additional faint band at 8.0 kb appeared. By 180 min, the bands were present in approximately equal amounts, and this ratio does not change significantly with longer incubation.
Synthesis in the presence of actinomycin D. We also analyzed endogenous DNA synthesized in the presence of actinomycin D, which is known to block (+)-strand synthesis in detergent-treated virions (30, 32) . Polyacrylamide gel electrophoresis under denaturing conditions (Fig. 5) shows that the synthesis of low-molecular-weight (+) strands was inhibited in melittin-treated particles as well. In addition to (-)-strand strong-stop DNA (arrow), the product formed in the absence of actinomycin D shows two discrete species of low-molecular-weight DNA of approximately 350 and 270 bases (see also Fig. 2, lane 1) .
Data shown in Fig. 6 demonstrate that fulllength (7.7-kb) DNA is synthesized slightly later in actinomycin D-treated virions, requiring 40 (Fig. 2, 3, and 6 ). This thesis of the two species of full-length DNA is quite broad (3) . Thus, each preparation of virus does not have to be titrated for a critical concentration as is necessary with detergents (25) . We routinely use 25 to 100,ug of melittin per ml for virus protein concentrations of 1 mg/ml. A sec--4.5 ond advantage stems from the fact that melittin does not dissolve the viral envelope. Instead, it appears to cause some aggregation of particles. Thus, virus can be easily pelleted after reaction, and unincorporated radiolabeled nucleotides can be removed, eliminating the need for column chromatographic purification of radiolabeled DNA products.
Our results confirm and extend earlier findings on the kinetics of in vitro DNA synthesis. In melittin-permeabilized virions, synthesis is biphasic, consisting of a rapid initial rate, which lasts for approximately 1 h, followed by a re-FIG. 6 . Inhibition of 8.0-kbDNA in the presenceof duced rate, which continues for more than 4 h. actinomycin D-DNA samples from the experiment Similar biphasic kinetics have been reported for described in Fig. 5 were subjected to electrophoresis Siri skniheeroef at 40 V, 100) mA for 38 h in a 1.0% alkaline agarose Schmitt-Rupin Rous sarcoma virus DNA syn-gel. As in Fig. 4 , under these conditions, most of the thesis at certain Nonidet P-40 concentrations small (+)-strandproducts ran off the gel. Time points (39) actions (13, 40) . Our rate is close to that calculated for DNA synthesis in vitro by using purified avian myeloblastosis virus polymerase (36, 54) . In addition to the full-length transcripts, at earlier times we observed intermediate size (-) strands which may reflect regions along the RNA template where transcription temporarily halts.
Synthesis of (+) strands began early, well before any full-length (-) strands were detected. The first (+) strand synthesized was a fairly discrete product which was later obscured by the broad distribution of (+) strands. It is probable that this early product was the same as the 250-to 300-base (+) strand containing sequences from both right and left ends of the genome, which has been detected in avian sarcoma virusinfected quail cells (56) . An analogous product called (+)-strand strong-stop DNA is synthesized in the endogenous reverse transcription reaction of murine retroviruses (13, 34) . We actually detected two bands in this region of 350 and 270 bases ( Fig. 2 and 5) , and both were assumed to be of (+)-strand polarity because of their sensitivity to actinomycin D. The significance of this finding is unclear.
By 1 h, there was a sharp decline in the rate of accumulation of viral DNA (Fig. 1) , and this was especially evident with the high-molecularweight transcripts (Fig. 2) . Since the bulk of the high-molecular-weight transcripts were (-) strands and low-molecular weight products were (+) strands (Fig. 3) , it is obvious that the kinetics of (-)-and (+)-strand syntheses are quite different. The (+)-strand synthesis begins early, right after (-)-strand initiation, continues during the extension of the (-) strand to full length, and then proceeds at a slower rate for several hours after (-)-strand synthesis has terminated. This is quite similar to the kinetics of reverse transcription of poliovirus RNA with purified avian myeloblastosis virus reverse transcriptase (27) .
It is apparent from other experiments (Fig. 3,  reference 4) that the low-molecular-weight components accumulate to a greater extent than the full-length products of in vitro reverse transcription. In a preliminary experiment in which 32P-labeled DNA products were hybridized to separated (+) and (-) strands of a recombinant DNA clone of Rous-associated virus type 2 (3), we found that the amount of radioactivity bound to the (+) strand exceeded that bound to the (-) strands at late time points. This also suggests that the (+) strand is synthesized in excess of its (-)-strand template.
The majority ofunintegrated linear viral DNA isolated from infected cells contains intact highmolecular-weight (-) strands and segmented (+) strands (17, 20, 57, 58) . This has also been found for in vitro-synthesized DNA (7, 28, 59) . The mechanism of initiation of the small (+)-strand segments is not clearly understood but it has been reported that in vivo avian sarcoma virus and in vitro avian myeloblastosis virus viral (+) strands are covalently attached to RNA (20, 35) . Thus, it seems probable that (+)-strand priming occurs from residual genome RNA fragments. Our analyses cannot exclude the possibility that some of the (+) strands made in our in vitro reaction were full length (Fig. 3) . However, such molecules can only be a small proportion of the (+)-strand population. Exact quantitation is complicated by the fact that the short filter-bound (+)-strand transcripts could give an autoradiograph signal severalfold stronger than is representative because of the high molecular weight of the [32P]cDNA actinomycin D used as a probe. It is also not possible to rule out a low level of (+)-strand contamination in the [32p]_ cDNA actinomycin D probe which could hybridize to the full-length (-) strands. Several recent reports show that a significant amount of fulllength double-stranded DNA can be synthesized by murine retroviruses (13, 18, 19) . The basis for this difference between the avian and murine systems is obscure.
Our kinetic analysis showed that the 7.7-kb (-)-strand species accumulates as a distinct band before any 8.0-kb DNA is detected. Extension to 8.0 kb was detected soon after in a reaction which was sensitive to acitnomycin D. This is consistent with the proposals that a J. VIROL. second jump is involved in generating the terminal redundancy from a DNA template (13, 19, 24, 34, 47) . Recently, it was reported that circular DNA structures have been detected among the in vitro products of a murine retrovirus (1, 13, 18, 19) and that these are intermediates between the initial transcript and the extended terminally redundant species (13). We did not detect such structures in our biochemical studies; however, more recent electron microscope analyses have revealed some circular molecules (Junghans, Boone, and Skalka, manuscript in preparation).
We present evidence in the accompanying paper (4) that (+)-strand synthesis involves strand displacement. Thus, the apparently biphasic kinetics (Fig. 1) may reflect rates of the two distinct types of synthesis: RNA (or DNA)-dependent DNA synthesis on a free template and DNAdependent DNA synthesis involving strand displacement. This is discussed in more detail in the accompanying paper with a model which accounts for the structural aspects of the DNA synthesized in vitro.
